Interfacial delamination, due to the presence of dissimilar material systems, is one of the primary concerns in electronic package design. Continuum models such as Jintegral have been developed to evaluate potential delamination by defining a pre-defined crack at selected interface in the package. The interface is modeled as a discontinuity across the mating material layer. However, at molecular level, the mating materials are held together by a force field which is prescribed by their chemical structures. Molecular dynamics (MD) simulation is an effective tool used to model such force fields. The MD model can be used to simulate the reaction of the interfacial force field under external loading and the result can be utilized to characterize the material properties at the interface. The material properties at the interface are not necessary consistent with those of the bulk materials forming the interface.
Introduction
Recently electronic package design is moving not only towards high speed and multi-functional application, but also high density packaging with high performance requirements. Interfacial delamination, due to the presence of dissimilar material systems, is one of the primary concerns in an IC package design. The mismatch in the coefficient of thermal expansion between two different layers in IC packages can generate high interfacial stresses when subjected to thermal loading during fabrication. If these stresses exceed the critical value, delamination will occur and the functionality of the system will be destroyed.
An interface is a complicated region that separate two non-miscible materials containing chemical bonding, and morphology with different roughness. So far, it is still difficult to describe interface in one model considering all these effects. Traditional numerical method, like finite element method, is not able to model the chemical effect on the interfacial behavior. Molecular dynamics (MD) simulation is a well-established tool for modeling the material performance at an atomistic level including modulus, adhesion, thermal conductivity, solubility, diffusion and reactivity [1] [2] [3] [4] [5] [6] [7] [8] . However, MD model is only capable for modeling systems consisting of up to several thousands of atoms. The layout of a real structure always consists of the interfaces at different length scales from several nanometers to several millimeters or larger. It is impossible to build the full model using MD technique due to long calculation times and costly computations. Multiscale modeling methods are still a challenge because of the different length scales and time scales involved in the models. Several methodologies on how to couple nanoscale models and continuum models for studying material performance of composites have been established, which includes hand-shaking method [9] , coarse-grained molecular dynamics (CGMD) method [10] and virtual internal bond method [11] [12] [13] [14] [15] . Hand-shaking method introduced displacement boundary conditions in to interfacial region between the MD and FEA regions, where FEA mesh in the coupling region was scaled down to match the lattice of atomic cell. However, it is not easy to implement computational technique in the coupling region due to the higher distortion under large deformation. On the other hand, the computational process in the coupling region is rather complicated or even difficult to be implemented for amorphous structures. CGMD method seamlessly coupled the MD regions to the continuum region through a statistical coarse graining procedure. However, the application of the multi-scale method still suffers from mismatch of time scale required by the different length scale models.
VIB approach proposed by Gao and Klein [10] reproduces the behavior of a hyper-elastic solid, in which there are microstructures consisting of internal cohesive bonds based on the extension of the Cauchy-Born concept. VIB model had used simulate crack nucleation and propagation without any presumed crack path in complex materials. However, VIB incorporated cohesive bonds into a constitutive law for the homogenized material particles. It is suitable for the bulk materials rather than description of atomic interaction along a prescribed interface. Moreover, VIB based on the simplified atomic potentials without considering bond torsion, bending and electrostatic force is not adequate to describe the complicated reality of the material at atomistic scale across the material interface.
Molecular modeling endeavors to simulate the material measurement on an atomistic scale in order to understand the basic origins of material performance in a wide variety of topics including mechanical, chemical and electrical properties. With proper atomic description relative to the measurement (energy potential, structure and environmental conditions), the reliable information could be extracted from MD simulation and adequately represent the material response being measured. For example, the MD simulation can provide accurate estimates of mechanical modulus for specific low k dielectric spin-on materials [3] and for epoxy resin materials [6] . Therefore, some hierarchical multi-scale method incorporated the information obtained by MD simulations into the continuum model to investigate the constitutive response of bulk composite containing nano materials [16] . The methodology does allow the linking of interfacial failure at nanoscale to traditional continuum
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-1-models by cohesive element.
In this study, a multi-scale model was developed to study delamination in a bi-material structure, which bridges molecular dynamics method and finite element method using the cohesive zone model. Cohesive zone model parameters were derived from an interfacial MD model under mechanical loading and were assigned to the cohesive zone element representing the interfacial behavior. Based on the multi-scale model, the material behavior at nanoscale was passed onto the continuum model under mechanical loading condition.
Delamination formulation
The interfacial failure is an adhesion problem which is governed by the interfacial bonding, in particular the molecular bonding across the interface. Interface is formed at the region where two different materials are connected, as shown in Figure 1 . At macroscale, the interface is defined as the boundary between two different materials. Traditionally, failure criteria are created at for the material interface based on bulk material properties of the interfacing materials. Continuum model under mechanical loading was built to evaluate interfacial stresses for prediction of the interfacial delamination against the selected failure criterion. The interface does not constitute part of the model, and there is no specification needed for interfacial material properties. Interface element, such as cohesive zone model (CZM), is subsequently used to simulate fracture process in different kinds of composites under different loading conditions [17] . The key of the CZM is the traction-displacement constitutive relation representing interfacial fracture behavior. However, it is still rather difficult to experimentally determine these parameters due to complex interfacial adhesion governed by molecular bonds and roughness. In spite of long calculation times and costly computations in MD simulation, MD models can easily and explicitly provide the interfacial behavior of a local region under different mechanical loading conditions by simulating effects such as bond breakages, and delamination propagation. Therefore, MD simulation can calculate the traction force under the stipulated displacement during interface separation, which is the basis of the cohesion zone model for interfacial delamination. It is indicated that a An atomic-based continuum model is used to investigate interfacial delamination in this study, as illustrated in Figure 2 . An interfacial MD model is constructed to determine the constitutive relation of the interface under external mechanical loads. A continuum FEA model is built with cohesive zone elements at the interface with their constitutive relations derived from the interfacial MD model to simulate interfacial delamination under specified displacement. The corresponding failure force varying with the applied displacement will be extracted from the model, which can be used to determine the interfacial facture strength. 
Interfacial MD model
Intuitively, the interface always bears interfacial stresses directly from the bulk materials bonded to the interface. These stresses are the collective macroscopic behavior of the atomistic bond network and govern the crack nucleation and propagation of the interface. Therefore, it is important to derive the constitutive relation of the interface (stressdisplacement relation) from MD simulations. of the system provides the forces on each atom, which can be used to determine the acceleration, velocity and positions of each atom. In the classical molecular dynamics method, the equations of motion for atoms are described by Newton's equations as follows:
where F i , mj and y; are respectively the force vector, mass and position vector of molecule i. <l> is the potential energy function of the system.
The stress component 0' a,p for atom i in the region V is given by the relation [18] :
where S, V is, respceivley, strain and the volume over which the stress is calculated. Equation (2) can be rewritten as follows: Considering the relationship (4), the local stress region V can be found as follows:
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m the (5) constitutive relation of the interface. Cohesive zone method has been widely used in fracture study as it avoids forming singularity at the crack tip and it is easy to implement in tradition FEA models. In cohesive zone model, energy is allowed to flow into the fracture process zone for surface separation. Normally cohesive relation is described by cohesive parameters, namely cohesive strength 0" max ' separation distance t5 and cohesive energy, ¢, derived by the area under the tractiondisplacement curve. In order to study the interfacial delamination of the bimaterial system under mechanical loading, it is necessary to perform finite element analysis to extract some useful information. The multi-scale model of a bi-material system was built and shown in Figure 5 . In this model, the interfacing materials are modeled as continuum with homogeneous and elastic properties. Solid element is used to model the bulk materials. Cohesive zone elements are specified on the material interface except for the pre-crack, as shown in Figure 5 . Cohesive element is used at the interface to describe the behavior with the selected cohesive zone model. The initial thickness of the interface element is set to zero and the interfacial separation is defined as displacement jump, t5 , the difference of the displacement of the adjacent interfacial nodes for deformed element. The relation of nodal force and interfacial separation is governed by the cohesive relation derived by the MD simulations. Figure 3 . A tensile or shear strain is applied to the model in each simulation step and the displacement is maintained within the relaxation time interval before the next same displacement is applied. The above MD procedure is repeated until the interface is completely separated. Based on equation (5), the tensile and shear stresses at the interface can be derived from MD simulation. An example of the stress-displacement relation obtained from MD simulations is shown in Figure 4 . The relation shows the nonlinear behavior of the interface, the stress increases and then decreases with increasing displacement. This stressWith stipulated external displacement applied to the displacement curve describes the relation of interfacial model, the corresponding failure force under the applied traction force and interfacial bond opening displacement ~isp~cement is e:-tracted Zom the ~ul::-s~ale ~odel duri~g during delamination, which is exactly the cohesive mte ace separatIOn, as sown typica y m FIgure 6 . T e -3-maximum fracture force is used to estimate the fracture strength of the interface which characterizes the interfacial material property.
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Summary and Discussion
A simple and effective multi-scale model was proposed for delamination in a bi-material system. The model bridges the molecular dynamics method and finite element method using the cohesive zone model. The parameters of the cohesive zone model are simply derived from MD simulations and can be very easily input to finite element model for delamination evaluation.
In contrast to other multi-scale methods [9] [10] , the method presented in this study has significant advantages. It avoids the complicated numerical equations to solve the overlapping domain in the method involving coupling of continuum models with molecular models. We also demonstrated a methodology to investigate delamination initiation at the epoxy molding compound (EMC)/Cu interface [15] , in which the interfacial material properties were derived from atomic force microscopy measurements using the Lennard-Jones potential. In that study, it is acceptable that only van der Waals force was considered because the adhesion between the EMC and Cu was dominated by nonbonding interactions. However, that method is not suitable any more due to the complicated interfacial bonds between EMC and copper substrate. In deriving the constitutive relation directly from the MD simulation, it can predict the material behavior more accurately than VIB method which only considers simplified potential energy.
Shen and Chen [19] used a bifurcation-based multiscale de-cohesion model to investigate delamination between tungstem film and silicon substrate. They conducted MD simulations to obtain de-cohesion relation of the crystal under tensile loading and implemented the model into the material point method (MPM). However, MPM is the method for the size scaling down the continuum level to the atomic level, so size of the model is still within the nano scale. Moreover, they also argued that the proposed model should be verified by an integrated experimental, analytical and numerical investigation on the structures with sizes varying from nano scale to macro scale. Considering the difficulty on experimental measurement external loading. Based on the method presented in this study, the atomistic information including deformation, void nucleation and interfacial debonding were extracted and represented by the constitutive relation. We used the proposed method to derive the constitutive relation of the interface of the epoxy resin polymer connecting a Cu substrate by SAM from MD simulations under tensile stain [20] . In the study, finite element model of taped double cantilever beam (TDCB) test was built and the constitutive relation derived from the interfacial MD model was assigned to the TDCB model representing the behavior of the SAM at the EMC/Cu interface. The tensile forces were calculated for the multi scale model under the tensile displacement and plotted against the displacement for three kinds of models respectively, as shown in Fig. 7 . Based on the proposed method, the predicted results were found to be comparable with those from experimental measurement. The difference between the simulation and experimental values can be attributed to more complicated crosslink density of EMC, SAM structure on the Cu substrate, bonds between EMC and SAM, and voids or impurity inside the real samples. Considering the difficulty on experimental measurement of the behavior of nano materials, the atOmIstIc information including deformation, void nucleation and interfacial debonding were easily extracted from MD simulations and represented by the constitutive relation. Therefore, a general framework of multi-scale model was developed to study the macroscopic behavior of the system consisting of nanoscale materials.
Conclusions
The paper is focused on a multi-scale model to investigate delamination using cohesive zone model. From the work presented in this study, the following conclusions are drawn: 1. A multi-scale model is developed using the constitutive relation derived from MD simulation as the bridge between different length scales. 2. This method bridges the different spatial scales and avoids the constraint from disparate time scale in some multi-scale methods and complicated numerical equations to solve the overlapping domain. 3. The model can investigate the macroscopic behavior of the bulk composite containing nanoscale materials.
